The effects of forest fragmentation on individual space-use patterns were investigated in the European pine marten (Martes martes), considered as a forest-dependent species. The study was done in Ardennes, France, with the landscape consisting of both continuous forest and fragmented habitat, poor-quality habitat for pine martens. In this landscape context 3 predictions were tested: due to intraspecific competition, subadults should be overrepresented in fragmented habitat; according to the landscape supplementation theory, home ranges should be larger in fragmented habitat; and over seasons, home ranges should be more stable in forest than in fragmented habitat. Thirty-six individuals were trapped in both habitats, and 23 were radiotracked during 3-5 consecutive seasons. Confirming our 1st prediction, we found that the ratio of subadults to adults in fragmented habitat was higher than in forest. On the contrary, annual home ranges were larger in forest than in fragmented habitat, and temporal stability of home ranges was not significantly different between habitats. Therefore, our results indicate that the pine marten can persist in fragmented habitat and could rather be defined as a treedependent species.
Increasing land exploitation has led to major modifications in native habitat composition and configuration, such as loss of forests, reduction in forest patch sizes, and increasing fragmentation (Fahrig 2003) . In 2007 the Food and Agriculture Organization (Roma, Italy) estimated that the rate of deforestation had reached about 13 million ha/year. Because in most cases fragmentation occurs through a process of habitat destruction, the effects of habitat loss and fragmentation on populations are confounded (Fahrig 1997) . Habitat loss and fragmentation have been described as the most serious threat to the maintenance of biological diversity (Wilcox and Murphy 1985) . For many species these 2 processes are correlated with a reduction in resource availability (food, shelter, and mates) and an increased mortality rate (Fahrig 2002) and thus have negative effects on habitat quality (Dykstra 2004; Wiens 1994; Wilcove et al. 1986 ). As we compared intact and fragmented habitats, we considered that populations in fragmented habitats had suffered from a decrease in habitat quality.
As habitat quality declines, 3 major behavioral and demographic modifications may be observed. First, subadults are often overrepresented because they are rejected from highquality habitats by adults because of intraspecific competition (Kokko and Sutherland 1998; Winker et al. 1995) . Second, individuals show different space-use patterns with an increase in home-range size to secure the necessary resources in nearby patches of the same habitat when patch size becomes too small to sustain an individual solely on the resources found within the patch itself (Gittleman and Harvey 1982; Soutiere 1979 ). This phenomenon is called landscape supplementation (Dunning et al. 1992) . Such effects have been demonstrated in the tawny owl (Strix aluco -Redpath 1995) , the Capercaillie grouse (Tetrao urogallus), the root vole (Microtus oeconomus- Ims et al. 1993) , and the roe deer (Capreolus capreolus- Cargnelutti et al. 2002; Tufto et al. 1996) . Finally, when species are territorial and favorable habitat is limited, a surplus of adults of breeding age (floaters) also can accumulate in poor habitat (Van Horne 1983) , queuing to establish themselves in a better habitat. Individuals might present weak stability in their space-use patterns in poorquality habitats (Johnson et al. 1992; Redpath et al. 1995) .
Species vary in their susceptibility to a decrease in habitat quality (Ganzhorn et al. 2003; Goodman and Rakotondravony 2000) . Some demographic traits make species more sensitive to habitat destruction, such as low population densities, low reproductive output, and high individual space needs, which apply in the case of many Carnivora species (Henle et al. 2004; Ims et al. 1993) . Moreover, compared to habitat generalists, habitat specialists often are more affected by fragmentation (Brashares 2003; Bright 1993; Krauss et al. 2003) or anthropic landscape management (Brouat et al. 2004) .
In France, as in much of Europe, landscape management led to an increase in forest fragmentation, in particular in agricultural landscapes. Land consolidation (rural management grouping agricultural stands into a single one) in the 1970s severely impacted connectivity by destroying many forest fragments such as groves, hedgerows, and isolated trees (Pointereau 2002; Wade et al. 2003) . About 500,000 km of hedgerows and 100 million isolated trees were cut in the last 30 years (Lévêque and Mounolou 2001) . As a forest-specialist species (Brainerd 1990; Pulliainen 1981; Stier 2000) , the European pine marten (Martes martes) offers an interesting model to study the effects of habitat fragmentation. This carnivore is characterized by low population densities (Zalewski and Jedrzejewski 2006) , low reproductive potential (Ferguson and Larivière 2002; Labrid 1986) , and considerable individual space needs (Zalewski and Jedrzejewski 2006) . These biological traits make the pine marten potentially sensitive to threats associated with forest fragmentation.
We analyzed space-use patterns of pine martens in a fragmented habitat and in continuous forest where 3 major variations were expected to occur. First, considering the intraspecific competition between adults and subadults, we expected to capture a larger proportion of subadults in the fragmented habitat than in the forest. Second, based on the landscape supplementation hypothesis, individuals were expected to establish larger home ranges in the fragmented habitat. We also determined if home-range sizes vary as a function of sex, body mass, and season. Third, home ranges were expected to be less stable over seasons in the fragmented habitat than in the forest.
MATERIALS AND METHODS
Study area.-Fieldwork was conducted in Ardennes, a rural region in the northeastern part of France (49u259520N, 4u509230E; Fig. 1 ). The area is situated on a clay plateau of woody hills (100-300 m above sea level) drained by 2 main rivers, the Aisne and the Meuse. It is characterized by low human density (,10 inhabitants/km The continuous forest habitat is composed of 2 geographically distinct forests (la Croix-aux-Bois of 7,000 ha and Belval of 6,000 ha). The fragmented habitat is a hedged farmland composed of forest fragments such as scattered groves and hedgerows (linear forest patches of 5 m maximum width) with an intervening matrix consisting of cereal fields and pastures. Using FRAGSTATS version 3 (McGarigal et al. 2002) we quantified the level of forest fragmentation of the entire study area through indices used by Hargis et al. (1999) : percentage of forest in the landscape (12%), mean size of forest fragment (1.2 ha), edge density (72 m/ha), and mean Euclidian nearest-neighbor distance between fragments (30 m). We checked that all forest fragments in the hedged farmland were smaller than 200 ha (the minimum home-range size of male pine martens in forests -Labrid 1986; Zalewski 1997; Zalewski and Jedrzejewski 2006) .
Habitat classification was established using ArcView geographic information system software (version 3.2; ESRI Inc., Redlands, California) with data derived from Institut Trapping efforts were concentrated in the fragmented habitat (80% of the trap nights). Pine martens were caught in baited cage traps (30 3 30 3 100 cm). Pine martens were anesthetized by intramuscular injection of ketamine hydrochloride (0.15 mg/kg) and medetomidine hydrochloride (Domitor, 0.075 mg/kg; Orion Pharma, Espoo, Finland) and radiocollared (approximately 36 g, 1.9-3.3% of body mass; Wagener, Köln, Germany); adults (.1.5 years old) were distinguished by teeth covered in tartar and presence of visible testes or depilated and developed nipples. After handling, individuals were kept in a dark and silent room for approximately 10 h and released at the capture site. Differences in sex and age ratios between fragmented forest and forest were determined with the chi-square (x 2 ) test of independence with Yates' correction for continuity using R version 2.4.0 (R Development Core Team 2005). A difference in body mass between males and females was tested using a Mann-Whitney test. Our trapping and handling procedures complied with the current French laws (Living Animal Experiment license and trapping agreement) and followed guidelines of the American Society of Mammalogists (Gannon et al. 2007) .
Radiotelemetry.-Animals were located 4 times per week. Because pine martens are as much diurnal as nocturnal, 2 locations were performed in daytime and 2 at night. To control for spatiotemporal autocorrelation in our data we made sure that the minimum interval between 2 consecutive locations was at least 12 h, an interval long enough for an individual to cross its home range (White and Garrott 1990) . Collared pine martens were radiotracked from a vehicle equipped with a 3-m-high yagi antenna. Locations were obtained by triangulation based on at least 3 successive bearings with a minimum angle of 120u between the 2 outermost bearings. Triangulation was achieved within a maximum 15-min interval. Animal locations were estimated using L.O.A.S. (Location Of A Signal, version 3.03; Ecological Software Solutions LLC, Hegymagas, Hungary) software, with a bearing error of 5u. This error was estimated from radiotracking tests on fixed and mobile radiocollars attached to domestic dogs.
Home-range size.-Individual home ranges were estimated using 2 methods. The minimum convex polygon method was applied for each individual using all locations (100% minimum convex polygon). This nonstatistical method allows comparison between studies (Mohr 1947) . However, minimum convex polygon measures are influenced strongly by peripheral locations (Harris et al. 1990 ). To analyze homerange variations we used the fixed-kernel estimator (Worton 1989) . The kernel smoothing parameter was estimated by least-squares cross validation, resulting in less-biased homerange estimates than other methods (Powell 2000; Seaman et al. 1999; Worton 1989 ). We report the area encompassed within the 95% isopleth as the size of annual and seasonal home ranges and the area within the 50% isopleth as the size of the core area. Minimum criteria for home-range estimation were 40 locations per individual for seasonal home ranges and 3 consecutive seasons of radiotracking per individual for annual home ranges. Seasons were determined as follows: winter (December-February), spring (March-May), summer (June-August), and autumn (September-November). Home ranges were estimated using the Animal Movement Extension (Hooge and Eichenlaub 1997) for ArcView version 3.2. A Mann-Whitney test was used to compare home-range sizes of males and females.
Because we obtained several home-range sizes per individual (1 per season), we used a linear mixed-effect model. Sex (because of sexual dimorphism), body mass, season, and habitat were used as fixed-effect factors and individual as a random-effect factor. Home-range sizes were square-root transformed to normalize data. First, all variables were tested alone in separate models using F-tests. The significant variables and interactions were included in a maximal model, and we identified the most competitive models using the Akaike information criterion (DAIC 2). Random effects were removed if nonsignificant using a likelihood-ratio test (LRT . 0.20). Finally, residuals of the final model were tested for normality using the Shapiro-Wilk test. The final model was interpreted calculating odds ratios and 95% confidence intervals (CIs) to measure the relation between each variable and the square root of home-range size. Statistical tests were performed using R version 2.4.0 (R Development Core Team 2005).
Spatiotemporal stability.-Individual spatiotemporal stability is the space reused over 2 consecutive seasons. Our estimation was based on 2 criteria: the overlap area and the overlap activity distribution of 2 consecutive seasonal home ranges. For both criteria an index from the 95% kernel homerange estimations was calculated.
The overlap area criterion was estimated calculating the Sorensen index (I Ov -Dekker et al. 2001; Henry et al. 2005) . It estimates the percentage of overlapping area between 2 consecutive seasonal home ranges according to the formula: I Ov 5 2HR Ov /(HR t + HR t+1 ), with HR t and HR t+1 being the areas of the 2 consecutive home ranges and HR Ov , the overlapping area. This index ranges from 0 (no area overlapping), characterizing unsettled individuals, to 1 (total area overlapping) for stable and settled individuals. The overlap activity distribution criterion was adapted from the method developed by Bodin (2005) to estimate space sharing in Eurasian badgers (Meles meles) and potential encounters between 2 individuals. Each location is characterized by a value equal to the lower of the 2 local activity densities occurring at the place, these minimal values being assumed to reflect the likelihood of encounter between the 2 focal individuals (Germain et al. 2009 ).
For each individual a virtual 5 3 5-m grid was drawn on the space covering all of its seasonal home ranges. We then computed an activity matrix in which the intersection of rows and columns displayed the local activity level computed as the proportion of activity of an individual at the corresponding location (estimated by the kernel method) for a given season. Because home range is defined as the minimum area holding 95% of animal locations, the least-used squares with sum of activity densities ,5% of the total activity were removed from analysis. The matrices of 2 consecutive seasonal home ranges then were compared cell by cell to build a 3rd matrix in which each cell takes the value corresponding to the lower activity value occurring there. These minimum values give the likelihood for a given space to be reused from 1 season to the next. The overlap activity distribution index corresponds to the sum of the cell values of the 3rd matrix divided by 0.95, thus ranging from 0 (no overlap) to 1 (identical space-use pattern).
Finally, we analyzed the influence of sex and habitat on both indices with Mann-Whitney U-tests using StatView version 5.0 (SAS Institute Inc., Cary, North Carolina). To determine if the Sorensen and activity distribution overlap indices were correlated a Spearman correlation (r s ) test was performed.
RESULTS
Population characteristics.-Thirty-six pine martens (23 males and 13 females) were trapped and radiocollared. Mean 6 SD body mass was 1.6 6 0.3 kg for males and 1.1 6 0.1 kg for females. Pine martens exhibited sexual dimorphism in body mass (U 5 243, n 1 5 23, n 2 5 12, P , 0.001) with males being on average 1.5 times heavier than females.
Twenty-five individuals were trapped in the fragmented habitat (14 in groves and 11 in hedgerows) and 11 in the forest. The trapping rate discrepancy between the habitats is probably due to the trapping effort being biased toward the fragmented habitat (80% of the trap nights). The sex ratio of the trapped individuals did not differ according to habitats, with male : female ratios of 1.78:1 in the fragmented habitat and 1.75:1 in the forest (x 2 1 5 0.127, P 5 0.722). The age ratio between trapped subadults and adults differed strongly between habitats, with subadult : adult ratios of 5.25:1 in the fragmented habitat and 0.38:1 in the forest (x 2 1 5 11.062, P , 0.001).
Annual and seasonal home-range size.-Twenty-three of the 36 radiocollared pine martens met criteria for estimation of annual and seasonal home ranges. We collected approximately 3,000 locations, with a mean 6 SD number of 130 6 50 locations per annual home range and 47 6 4 locations per seasonal home range.
Core-areas represented 14% of the annual home-range area for males and 10% for females ( Table 1 ), illustrating that half of the annual activity was concentrated in small areas compared with the range covered over the whole year. Whatever the method, sex had a significant effect on homerange size, with male home ranges being 2.3 times larger than those of females (100% minimum convex polygon: U 5 96, n 1 5 17, n 2 5 6, P 5 0.001; 95% kernel: U 5 83, n 1 5 17, n 2 5 6, P 5 0.025; 50% kernel: U 5 62, n 1 5 14, n 2 5 5, P 5 0.012; Table 1 ).
With regard to the size of the 55 seasonal home ranges, we found no significant effect of season (F 3,51 5 2.44, P 5 0.088), but we did find a significant effect of sex (F 1,54 5 15.12, P 5 0.001), body mass (F 1,54 5 31.99, P , 0.0001), and habitat (F 1,54 5 17.23, P 5 0.0002). Home ranges were larger for males than for females, increased with body mass, and surprisingly, were larger in forest than in fragmented habitat. Therefore sex, body mass, and habitat were used in a maximal model. The best model revealed a significant interaction between body mass and habitat on the square-root of home-range size (Table 2) . Despite intersexual variation in seasonal home-range size, sex did not feature in the final model. In this model seasonal home-range size was related to body mass, and this relationship varied with habitat. Homerange size increased with individual body mass on a steeper slope in the forest than in the fragmented habitat (Fig. 2) . Moreover, the linear mixed-effect model was significantly better than the linear model (P 5 0.0002), showing that the interaction between body mass and habitat had a varying impact on home-range size, depending on individuals. Finally, residuals of the final model were normally distributed (P 5 0.382). Spatiotemporal stability of seasonal home ranges.-The Sorensen index 6 SD averaged 0.63 6 0.16 (n 5 38; Table 3 ). Pine martens showed spatiotemporal stability over seasons, with more than half of a seasonal home range being reused the next season. This index did not differ between sexes (U 5 175, n 1 5 25, n 2 5 12, P 5 0.417), or between habitats (U 5 199, n 1 5 25, n 2 5 12, P 5 0.112). Males were as stable as females and individuals in forest as stable as those in fragmented habitat.
Mean (6 SD) index of activity distribution overlap was averaged 0.43 6 0.14 (n 5 38; Table 3 ), indicating little similarity in activity distribution over 2 consecutive seasons; that is, the use of a given home range was different between seasons. This index was not influenced by sex (U 5 173, n 1 5 25, n 2 5 12, P 5 0.456) or habitat (U 5 164, n 1 5 25, n 2 5 12, P 5 0.650). No preferentially used area was maintained over seasons in either sex or habitat. Nevertheless, the Sorensen index and index of activity distribution overlap were correlated (r s 5 0.518, n 5 37, P 5 0.002); the more stable the home range, the more overlap in the activity distribution.
DISCUSSION
As hypothesized, we found a larger proportion of subadults in the fragmented habitat than in the forest. In a landscape where 2 qualities of habitat coexist Van Horne (1983) proposed that the source population, occupying the richer habitat, will produce a large excess of juveniles that will move to the sinks. Poor-quality habitats would be dominated (in numbers) by subadults in contrast to adult-dominated, highquality habitats. Subadult pine martens seem to be forced out of forests by adults considering that individuals compete for the best habitat. However, another factor could explain this unbalanced proportion of subadults and adults. Pine martens could suffer from a higher mortality, thus a higher turnover, in fragmented habitats due to a higher potential for traffic fatalities (van Langevelde et al. 2009 ) and higher trapping pressure. In France pine martens are classified as pest species and can be destroyed when within 150 m of habitations. High mortality creates opportunities for immigration, and juveniles being the primary dispersers affect the age structure in fragmented habitats. Inconsistent with our 2nd prediction, home ranges in fragmented habitat were from 2 to 3 times smaller than in forest. We recorded the smallest home ranges yet reported for pine martens. Moreover, our study area is composed of the smallest proportion of forest (12%), except for 1 study concerning space-use patterns in the European pine marten (Zalewski and Jedrzejewski 2006) . Therefore, our results do not support the landscape supplementation theory, which predicts an increase in home-range size in poor-quality habitats (Dunning et al. 1992) . Food availability and differences in spatial constraints could account for our results. A decrease in home-range size in fragmented habitats could result from an increase in food availability. For many carnivores home-range size is correlated negatively with food abundance (Herfindal et al. 2005; Lariviere and Messier 2001; South 1999) . Forest fragmentation creates an edge effect, potentially increasing prey abundance (Ries et al. 2004; Temple 1986 ) and predation (Batary and Baldi 2004) in edges and in hedgerows. Thus, pine martens could satisfy their energetic requirements over smaller areas than they would in the forest, finding much of their food intake along the rich edges. Pine martens also can expand their dietary niche (i.e., landscape complementation) by foraging on new rodent species in open habitats such as pastures and croplands. Prey resources (e.g., Arvicola terrestris and Microtus arvalis) are more abundant in grasslands than in hedgerows and forest (Clethrionomys glareolus and Apodemus sp. -Giraudoux et al. 2002) , so it could be easier to find food resources in open habitats than in forest fragments. However, the relationship between body mass and home-range size differed between habitats, with home-range size increasing more slowly with body mass in the fragmented habitat than in the forest. Assuming a difference in food abundance between forests and fragmented habitats, we should have observed the same relationship in both habitats with a smaller intercept for the most productive one. This difference suggests that although food abundance and body mass are important factors, other parameters explain variations in home-range size. This conclusion is supported by findings of Zalewski and Jedrzejewski (2006) that home-range size of pine martens did not respond to changing resource availability.
In fragmented habitats pine martens would suffer from spatial constraints linked to forest fragmentation. Thus, the small home ranges could be due to confinement in small forest fragments, as we observed for home-range boundaries coinciding with landscape configuration. A mean of 80% of female locations were inside forest fragments (M. Mergey, pers. obs.), with each female establishing her home range within 1 fragment, as has been demonstrated in other mammals (Selonen et al. 2001; Tigas et al. 2002) . Several studies also demonstrated that in fragmented landscapes pine martens used only 1 forest fragment intensively, avoiding open habitats (Baltrunaitë 2006; Pulliainen 1981; Storch et al. 1990) or not venturing far from the forest fragment (Pereboom et al. 2008) .
Finally, our results do not support our 3rd prediction, because home ranges in fragmented habitat were as stable as those in continuous forest. These results are confirmed by subsequent observations of several pine martens still living in the same home range 4 years later (X. Mandine, Centre de Recherché et de Formation en Eco-Ethologie, pers. comm.). This result, along with our findings about home-range size, suggests that forest fragments might be better-quality habitat than previously thought, habitat in which martens are able to establish durable home ranges.
In conclusion, European pine martens were resident both in fragmented and in continuous habitats, confirming that they are not strictly forest-inhabiting mammals as previously described. Balharry (1993) and Stier (1998 Stier ( , 2000 had reached similar conclusions about pine martens established in forest fragments in agrarian landscapes. We therefore could define the European pine marten as a tree-dependent species. Even if the species persists in fragmented landscapes, confinement of pine martens to forest fragments could decrease absolute density, especially if individuals in such habitats do not reproduce as well as those in the forest. Research on reproductive success and survival in fragmented habitats would contribute significantly to our understanding of whether fragmented habitats are sink habitats or whether they shelter viable pine marten populations. RESUME L'impact de la fragmentation forestière sur les patrons individuels d'utilisation de l'espace a été étudié sur une espèce typiquement forestière, la Martre des pins (Martes martes). L'étude a été réalisée dans les Ardennes françaises dans un paysage composé de massifs forestiers et de bocage. Dans ce contexte paysager, 3 prédictions ont été testées: sur la base d'une compétition intraspécifique, les subadultes devraient être surreprésentés en bocage, selon la théorie de supplémen-tation paysagère, les domaines vitaux devraient être plus grands en bocage qu'en forêt et les domaines vitaux devraient être moins stables d'une saison à l'autre en bocage qu'en forêt. Trente-six individus ont été capturés dans les deux milieux et 23 ont été suivis par radiotélémétrie pendant 3 à 5 saisons consécutives. Les martres semblent s'accommoder à des habitats fortement modifiés d'une façon inattendue. En effet, nous avons pu confirmer uniquement la première prédiction avec un déséquilibre dans l'âge-ratio en faveur des subadultes dans le bocage. En revanche, les martres avaient un plus grand domaine vital en forêt qu'en bocage et la stabilité spatiotemporelle des domaines vitaux ne différait significativement pas entre les deux habitats. Nous pouvons donc conclure que les martres établissent des domaines vitaux stables en paysages fragmentés mais leur confinement dans les fragments de forêt diminue la densité absolue, ce qui pourrait menacer la viabilité de la population.
